Introduction
============

Liver cancer is the second leading cause of cancer related death in People's Republic of China.[@b1-ott-11-5695] Chemotherapy of different approaches using platinum drugs is seemingly an optimal strategy for treating late stage liver cancer,[@b2-ott-11-5695],[@b3-ott-11-5695] but primary or acquired platinum drug resistance remains a major obstacle in clinic practice. Alteration in the nucleotide excision repair (NER) pathway plays an important part in the development of platinum drug resistance, and the expression level of NER-related proteins has been proposed as potential biomarker for poor response to platinum-based chemotherapy.[@b4-ott-11-5695],[@b5-ott-11-5695] Briefly, platinum drugs exhibit anti-cancer effects by inducing DNA damage via forming a DNA adduct with inter- or intra-strand crosslinks between guanine bases, thus distorting the DNA helix, inhibiting DNA replication, eliciting DNA damage response/repair mechanisms in cells, and eventually activating the apoptosis program when the damage is unrepairable. The DNA damage response process in living cells includes cell cycle arrest, damage repair, and cell cycle restart. DNA helix distortion is caused by platinum drug-induced DNA damage triggering the activation of NER system,[@b6-ott-11-5695] which removes the DNA lesions caused by platinum drugs via sensing and excision of the lesion followed by DNA re-synthesis and ligation.[@b7-ott-11-5695] In platinum drug sensitive cells, the prolonged DNA damage repair process leads to P53-dependent and independent apoptosis, while those cells with hyper-activated NER machinery or overexpressed NER proteins often show resistance to platinum drug-induced cytotoxity.[@b8-ott-11-5695]--[@b12-ott-11-5695]

NEAT1 is an lncRNA that includes two transcript subtypes, NEAT1_1 and NEAT1_2. NEAT1_1 and NEAT1_2 are 3.7 kb and 23 kb in length, respectively. NEAT1_1 is part of NEAT1_2. NEAT1_1 and NEAT1_2 have a 3.7 kb overlap at the 5′ end. One of our preliminary studies screened transcript abundance changes associated with cisplatin resistance and suggested that a nuclear associated lncRNA, NEAT1_2, might be involved in the development of platinum drug resistance in liver cancer cells.[@b17-ott-11-5695] The cancer-promoting role of NEAT1 in different cancer types, including liver cancer, with its considerable prognostic value, has been revealed by different studies,[@b13-ott-11-5695]--[@b17-ott-11-5695] the molecular mechanism of which, however, remains largely unresolved. Despite the increasing focus on NEAT1 regulating microRNA expression, a recent report by Adriaens et al raised the possibility that NEAT1_2 encourages platinum drug resistance by reducing the accumulation of DNA damage and replication stress-induced cell death.[@b18-ott-11-5695]

As a key component in paraspeckle, a subnuclear structure involved in regulating gene expression, stress response, and cell cycle,[@b19-ott-11-5695],[@b20-ott-11-5695] NEAT1_2 interacts with three out of five discovered paraspeckle proteins, namely PSPC1, SFPQ, and NONO, all of which belong to the DBHS protein family and are fundamentally and dynamically dimerized.[@b21-ott-11-5695],[@b22-ott-11-5695] The involvement of PSPC1 and NONO in platinum drug resistance has been reported,[@b23-ott-11-5695],[@b24-ott-11-5695] but the role of SFPQ in this pathophysiological development remains undetermined. By constructing NEAT1_2 knock-out cell lines with or without SFPQ RNA interference, we verified the involvement of both NEAT1_2 and SFPQ in the development of cisplatin resistance in liver cancer cells. We hope the results of the present research could provide some new insight into the molecular mechanism of platinum drug resistance.

Materials and methods
=====================

Liver cancer patients and tissue specimens
------------------------------------------

This research was approved by the medical ethics committee of the First Affiliated Hospital of Zhengzhou University. Five patients diagnosed with primary liver cancer on the first visit were enrolled in the naïve group, compared to five patients enrolled in the cisplatin-resistant group who bore cisplatin-resistant primary liver cancers. Written informed consent was obtained from each patient before enrollment. All patients' primary liver cancers were diagnosed following a practical standard in reference to American Association for the Study of Liver Diseases criteria. Patients' liver cancer pathologic tissue specimens and non-pathologic adjacent tissue specimens were obtained by aspiration biopsy for therapeutic purposes. Determination of cisplatin-resistant patients: in patients with liver cancer after the first and second cycles of cisplatin chemotherapy, the tumor was relieved; however, in the third and fourth cycles, tumor remission was not obvious and progressed, with some side effects, such as nausea, vomiting, liver area pain, low fever, hair loss, hepatomegaly; some patients had ascites in the abdomen. The CT results showed that the cancer did not shrink, and the blood AFP increased again.

RT-qPCR and Western blotting
----------------------------

RT-qPCR of NEAT1_2 and SFPQ mRNA in tissue specimens or cell lines were performed using a custom-made RT-qPCR kit (GeneCopoeia, Maryland, USA), following the manufacturer's instructions. The semi-quantitative 2^−ΔΔCt^ method was employed for qPCR data analysis, and expression levels of NEAT1_1, NEAT1_2 or SFPQ mRNA in each sample were normalized to that of GAPDH mRNA before further analysis. Western blotting of SFPQ in different cell cultures was performed using a rabbit anti-human SFPQ monoclonal antibody (ab177149), rabbit anti-human GAPDH monoclonal antibody (ab128915) and horseradish peroxidase-conjugated goat anti-rabbit second antibody (ab205718, Abcam, Cambridge, UK), following the manufacturer's instructions. Western blotting results were further analyzed by normalizing the gray scale of the SFPQ band in each sample to that of GAPDH using ImageJ software before statistical analysis.

Cell culture and preparation
----------------------------

The six liver cancer cells used in this research were previously purchased from the American Type Culture Collection and maintained in liquid nitrogen before use. Cells were cultured in DMEM medium supplemented with 10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin in a humidified sterile cell culture incubator with 37°C, 5% CO~2~, 100% humidity atmosphere. NEAT1 knock-out in QGY-7703 liver cancer cells at log-phase was performed using a custom-made Cas9-sgRNA NEAT1 knock-out kit (GeneCo-poeia), following the manufacturer's instructions. Briefly, vectors loaded with Cas9 gene and sgRNA targeting the promoter sequence of NEAT1 were transfected into QGY-7703 cells, before single cell clones were isolated by serial dilutions. NEAT1 knock-out clones were selected using the IndelCheck™ kit provided with the NEAT1 knock-out kit, following the manufacturer's instructions. NEAT1 knock-in in HUH-7 cells was performed using a custom-made AAVS1 safe harbor gene knock-in kit (GeneCopoeia), following the manufacturer's instructions. Briefly, AAVS1 sgRNA/Cas9 expression vector and NEAT1 donor vector were co-transfected into HUH-7 cells. Positive knock-in cells were selected by neomycin screening. Transient SFPQ gene silencing was performed by shRNA targeting, using a custom-made SFPQ knockdown kit (GeneCopoeia), following the manufacturer's instructions. Gene editing of NEAT1 or SFPQ in each cell line was verified by RT-PCR before being subjected to this research (data not shown).

Cell function assays
--------------------

The CCK-8 assay was performed to evaluate cell viability, using CCK-8 reagent purchased from Beyotime (Shanghai, People's Republic of China), following the manufacturer's instructions. OD450 of each cell culture after addition of CCK-8 reagent was measured at different time points with a microplate reader. Annexin V/propidium iodide double staining was used for apoptosis assay, using a dead cell apoptosis kit (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer's instructions. Cell staining of fluorescent conjugated Annexin V and propidium iodide was measured by flow cytometry. The cell proliferation assay was performed using an EdU cell proliferation detection kit (Sigma-Aldrich, St Louis, MO, USA), following the manufacturer's instructions. Fluorescent EdU and DAPI double staining of each cell culture were evaluated microscopically. Cell proliferation rate was calculated by comparing EdU positively stained cells over all DAPI positively stained cells.

Statistical analysis
--------------------

All statistical analyses and visualization in this research were performed using GraphPad Prism 7 software. Unless indicated otherwise, all data is presented as mean ± SD; Student's *t*-test was used to test for significance between groups, and a *P*\<0.05 was considered statistically significant.

Results
=======

High NEAT1_2 and SFPQ expression correlates with cisplatin resistance and liver cancer development
--------------------------------------------------------------------------------------------------

We first evaluated NEAT1_1, NEAT1_2 and SFPQ expression levels in paired liver cancer tissue specimens and non-cancerous adjacent tissue specimens obtained from five liver cancer patients who were diagnosed on the first visit (naïve) or five patients who had developed cisplatin resistance. NEAT1_1 expression increased in cancerous tissue specimens comparing to non-cancerous adjacent tissue specimens but was 2- to 3-fold lower than that of NEAT1_2, while no significant difference between specimens from first naïve patients and cisplatin resistance patients was observed (data not shown), which implied that NEAT1_1 or its upregulation might not be imperative for the development of cisplatin resistance in liver cancer. Transcriptional levels of both NEAT1_2 and SFPQ were also significantly increased in liver cancer tissue specimens, compared to non-cancerous adjacent tissue specimens, but were further upregulated in cisplatin-resistant patients' tissue specimens ([Figure 1A and B](#f1-ott-11-5695){ref-type="fig"}). Pearson's correlation coefficient curve analysis showed a significant correlation between NEAT1_2 and SFPQ expression levels in all obtained tissue specimens ([Figure 1C](#f1-ott-11-5695){ref-type="fig"}), while Kaplan--Meier curve analysis of SFPQ expression levels over liver cancer patients' survival using TCGA public data suggested that high SFPQ expression correlates with unfavorable prognosis. The result was statistically significant, *P*=0.0003 ([Figure 1D](#f1-ott-11-5695){ref-type="fig"}). These data preliminarily confirmed the relevance of NEAT1_2 and SFPQ to liver cancer development and cisplatin resistance.

NEAT1 promotes the proliferation of liver cancer cells in vitro
---------------------------------------------------------------

NEAT1_2 expression in six different liver cancer cell lines was first evaluated by RT-qPCR, the result of which showed that QGY-7703 had the highest NEAT1_2 expression level, while HUH-7 showed the lowest among the six liver cancer cell lines ([Figure 2A](#f2-ott-11-5695){ref-type="fig"}). Therefore, QGY-7703 cells were chosen for NEAT1 knock-out and HUH-7 for NEAT1 knock-in before cell viability, proliferation, apoptosis, and colony formation of these two cell lines with different NEAT1_2 expression levels were evaluated. Our data showed that NEAT1 knock-out significantly decreased cell viability and cell proliferation rate of QGY-7703 cells, while NEAT1 knock-in in HUH-7 cells oppositely influenced its cell viability and proliferation rate ([Figure 2B--D](#f2-ott-11-5695){ref-type="fig"}). NEAT1 knock-out also significantly increased cell apoptosis rate and decreased colony formation ability of QGY-7703 cells, but NEAT1_2 knock-in displayed no significant impact on that of HUH-7 cells ([Figure 2E--H](#f2-ott-11-5695){ref-type="fig"}). These data suggested that NEAT1 might promote the proliferation of liver cancer cells and might be involved in their self-maintenance in vitro.

NEAT1_2 mediates cisplatin resistance in liver cancer cells partially through SFPQ
----------------------------------------------------------------------------------

Because the enzymatic activity of any isoform of NEAT1 has not been reported, we hypothesize that NEAT1_2 does not mediate cisplatin resistance alone but interacts with other mediators. SFPQ or other paraspeckle proteins interacting with NEAT1_2 have already been demonstrated to facilitate DNA damage repair. We therefore investigated the cisplatin resistance of QGY-7703 and HUH-7 liver cancer cells with different NEAT1_2 or SFPQ expression levels. NEAT1_2 knock-out increased vulnerability of QGY-7703 cells to cisplatin cytotoxicity, which was synergized by SFPQ knockdown, while NEAT1_2 overexpression by knock-in enhanced cisplatin resistance of HUH-7 cells, which was attenuated by SFPQ knockdown ([Figure 3](#f3-ott-11-5695){ref-type="fig"}). Knocking out NEAT1_2 and knocking down SFPQ simultaneously promotes apoptosis in QGY-7703 liver cancer cells; over-expression of NEAT1_2 and knockdown SFPQ inhibits apoptosis in HUH-7 liver cancer cells ([Figure 3A and B](#f3-ott-11-5695){ref-type="fig"}). Inhibition of NEAT1_2 and SFPQ expression can inhibit cell colony formation in QGY-7703 liver cancer cells; NEAT1_2 knock-in and SFPQ knockdown can promote cell colony formation in HUH-7 liver cancer cells ([Figure 3C and D](#f3-ott-11-5695){ref-type="fig"}). These data suggest that NEAT1_2 is essential for cisplatin resistance of liver cancer cells in vitro, and SFPQ is possibly part of the NEAT1_2 mediated cisplatin resistance mechanism. Our data further showed that NEAT1_2 knock-out or knock-in did not significantly change SFPQ transcriptional or translational levels in QGY-7703 or HUH-7 cells, revealed by RT-qPCR ([Figure 4C](#f4-ott-11-5695){ref-type="fig"}) and Western blotting ([Figure 4A and B](#f4-ott-11-5695){ref-type="fig"}), suggesting that NEAT1 facilitates cisplatin resistance in liver cancer cells but not by directly increasing increasing SFPQ expression.

Discussion
==========

Chemo-resistance is a major obstacle in clinical liver cancer management. Platinum-based drugs are commonly used in standard chemotherapy, and decreasing the development of platinum drug resistance may significantly improve therapeutic outcome and patients' survival from liver cancer. In the present research, our data clearly demonstrated that NEAT1_2 is involved in liver cancer cell chemo-resistance in vitro, possibly in part through interacting with SFPQ. We speculate that NEAT1_2 interacts with SFPQ because Imamura et al found that NEAT1-dependent SFPQ relocation from promoter region to paraspeckle mediates IL8 expression upon immune stimuli.[@b25-ott-11-5695]

The 3.7-kb NEAT1_1 and 23-kb NEAT1_2, previously named MENε and MENβ, are the two major isoforms of non-coding RNA NEAT1. Their transcriptions are governed by the same promoter but different post-transcriptional 3′-end processing.[@b26-ott-11-5695],[@b27-ott-11-5695] It has been well demonstrated that NEAT1_2 but not NEAT1_1 is fundamental for the assembly and maintenance of paraspeckle, a subnuclear structure not essential for normal cell growth or mammalian development but formed in response to DNA damage and that paraspeckle promotes oncogenesis, tumor progression and chemo-resistance.[@b18-ott-11-5695],[@b19-ott-11-5695],[@b24-ott-11-5695]--[@b28-ott-11-5695] In the present research, we first investigated NEAT1_1 and NEAT1_2 expression levels in different tissue specimens obtained from liver cancer patients that were diagnosed on the first visit to our department or burdened with cisplatin-resistant liver cancer. Our data clearly demonstrated that NEAT1_2 but not NEAT1_1 is the dominant NEAT1 isoform for oncogenesis and cisplatin resistance of liver cancer, which was further confirmed by the gain-of-function and loss-of-function assay in vitro. Targeting NEAT1_2 but not NEAT1_1 on its specific 3′ region by shRNA achieved similar but more transient results (data not shown) compared to the Cas9/sgRNA-based genome editing method we used for the present research.

Cancer cells are known for their genome instability and high mutagenesis rate, which is probably due to the continuous cellular stress caused by altered cell proliferation and metabolism machineries, and a strengthened genome repair mechanism is therefore required for preventing cell death caused by the accumulation of DNA damage. Targeting the DNA damage repair pathway has been proposed as a promising strategy against chemo-resistance of different types of cancers.[@b29-ott-11-5695]--[@b31-ott-11-5695] SFPQ, NONO, and PSPC1 are three characteristic paraspeckle proteins that have been proposed to facilitate DNA damage repair and the consequential chemo- or radio-resistance in cancer cells via seemingly different mechanisms.[@b22-ott-11-5695]--[@b24-ott-11-5695],[@b32-ott-11-5695],[@b33-ott-11-5695] In the present research, our data suggested that NEAT1_2 and SFPQ synergistically promote cisplatin resistance in liver cancer cells in vitro, but change in NEAT1 expression did not affect SFPQ mRNA transcription or protein translation. We therefore speculated that NEAT1_2 supports cisplatin resistance in liver cancer cells possibly by functioning as a scaffold for adaptor and effector paraspeckle proteins required for DNA damage repair.

Paraspeckle is a complex protein aggregate. Naganuma et al identified 36 novel paraspeckle proteins, many of which carry RNA binding motifs.[@b26-ott-11-5695] Paraspeckle has been linked to tumor progression in different aspects by several different studies. While paraspeckle is seemingly unnecessary for homeostasis, the molecular mechanisms of its cancer promoting role remain unresolved. NEAT1_2 is for now the only RNA molecule identified in paraspeckle and is vital for its integrity; thus, targeting this lncRNA may be a possible therapeutic strategy for tumor management with low collateral damage, especially for advanced tumors with metastasis or chemo-resistance.
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![NEAT1_2 or SFPQ expression level change correlates with liver cancer development and cisplatin resistance.\
**Notes:** (**A** and **B**) Comparison of transcription levels of NEAT1_2 and SFPQ in different tissue specimens; data presented as fold change comparing to naïve-adjacent group after normalization to GAPDH; one-way ANOVA was employed for statistical significance tests between naïve and cisplatin resistance groups. (**C**) Correlation of NEAT1_2 and SFPQ transcription levels among all obtained tissue specimens. (**D**) Kaplan--Meier plot of survival of liver cancer patients with different SFPQ transcription levels. Naïve refers to patients diagnosed on the first visit; cisplatin-resistance refers to patients with cisplatin-resistant primary liver cancer. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** Ca, cancerous (liver cancer tissue specimens); Ad, adjacent (adjacent non-cancerous tissue specimens); NS, normal saline.](ott-11-5695Fig1){#f1-ott-11-5695}

![NEAT1_2 facilitates liver cancer cell activity in vitro.\
**Notes:** (**A**) NEAT1_2 expression levels in six different liver cancer cell lines, revealed by RT-qPCR. (**B**) Cell viability of QGY-7703 or HUH-7 cells with different NEAT1 gene modifications. (**C** and **D**) Representation and statistics of cell proliferation in different cell groups. (**E** and **F**) Representation and statistics of cell apoptosis in different cell groups. (**G** and **H**) Representation and statistics of colony formation in different cell groups. \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** Ctl, knock-out or knock-in control (wild type); KO, NEAT1 knock-out; KI, NEAT1 knock-in.](ott-11-5695Fig2){#f2-ott-11-5695}

![NEAT1_2 or SFPQ expression is essential for cisplatin resistance in liver cancer cells in vitro.\
**Notes:** (**A** and **B**) Representation and statistics of cell apoptosis in QGY-7703 or HUH-7 cells with different NEAT1 gene modifications with the presence of 0.25 µg/mL cisplatin in culture media. (**C** and **D**) Representation and statistics of colony formation in different cell groups with same cisplatin treatment as in (**A** or **B**). \**P*\<0.05.\
**Abbreviations:** Ctl, knock-out or knock-in control (wild type); KO, NEAT1 knock-out; KI, NEAT1 knock-in; NC, non-specific control; siSFPQ, SFPQ knock-down by shRNA targeting.](ott-11-5695Fig3){#f3-ott-11-5695}

![Artificial NEAT1 gene modification did not affect SFPQ transcription or translation.\
**Notes:** (**A** and **B**) Representation and statistics of SFPQ protein expression in QGY-7703 or HUH-7 cells with different NEAT1 gene modifications. (**C**) Statistics of SFPQ mRNA expression in different cell groups.\
**Abbreviations:** WT, unmodified cells; KO, NEAT1 knock-out; KI, NEAT1 knock-in.](ott-11-5695Fig4){#f4-ott-11-5695}
